ABSTRACT
. INTRODUCTION
The non-invasive assessment of blood flow with PW Doppler ultrasound is today a standard technique in power of the emitted PW signal, but at the same time hospitals and clinics. However, to reduce the high peak maintain a wide bandwidth, Doppler systems emitting coherent, repetitive frequency modulated (FM) 
. EMITTED AND RECEIVED SIGNAL
For a given measurement of a velocity profile, the Gaussian envelope, denoted n = 10; N -l ] . The time entire emitted signal consists of N sweep signals with a interval between consecutive sweeps is T,. Each sweep signal has the form over the interval 0 < t < t,. The parameter I, is the length of the signal (typical values ranges from 50 ps to 2M) ps), a is a form factor for the Gaussian envelope (normally a = 31.h is the start frequency at t = 0 and S, is the sweep rate in Hds. If the stop frequency at t = t, is called h, then S , = (T,-f,)it,. In this paper, the emitting and receiving transducers are assumed ideal, except for a into ( I ) by the Gaussian envelope.
bandlimited frequency response that is modelled directly Assuming that the received sweep from a scatterer moving axially away from the transducer with speed v and located at range d"' at t = 0 and n = 0 can be written as an amplitude modulated, time delayed and Doppler compressed replica of the emitted signal, the nth received signal can be written as 2-
In (Z), r is the scattering coefficient of the scatterer, p = (c-v)/(c+v) is the Doppler compression factor and ccc = 2(ait,J2. As the scattering model used in this paper is assumed linear, the results for the multi-scatterer situation can be found by use of superposition.
. FM-fsm SIGNAL PROCESSING
shown in Figure 1 . The received signal in the FM-fsm An example of the emitted sweep signal is given in Figure 2 (a), while two consecutive received signals from one moving particle are presented in Figure 2 (h-c). The constant amplitude reference sweep has the same start frequency and sweep rate as the emitted signal, but time delayed t, = 2DIc where D is the measurement range.
For a single scatterer, the demodulated signal is a tone burst with Gaussian envelope and duration t,. The mean frequency of this tone burst is proportional to the axial demodulated signals are shown in Figure 2 . See text for details. In (f) and (g), (-) and ( ) , corresponds to real part and magnitude, respectively.
Figure 2(f) and (g) show the real and magnitude parts of two consecutive fsrn spectra. The fsmI4' spectrum is analogous to the received signal due to PW excitation and is processed in roughly the same fashion. As will be shown, consecutive fsm magnitude spectra are identical in function changes from one fsrn spectrum to the next, shape, hut shifted in frequency. In contrast, the phase causing the real part of consecutive fsrn spectra to differ both in frequency and in shape of the spectral waveform.
The fsrn spectrum, called ct'm, can be shown to he'" where $' = t i n ) -t, and and qf) = n p (Zh -so$')
The frequency value, f,"', defined in (5). is called the position frequency141 of the fsrn spectrum. This frequency is proporlional to the difference between the actual range of the particle. d '"l, and the measurement range, D .
When i;f'U, in (4) has been obtained from the received signal, the subsequent processing is done along the same lines as for the PW-tsm Doppler system: A segment around f = 0 of widihf, is isolated from thefsm spectrum, ef'm, and then cross-correlated with the subsequent fsrn spectrum, @""v). It is seen from (4) and ( 5 ) that consecutive magnitude fsrn spectra are displaced by an amount
travel time, T,, to the scatterer multiplied with the time to
The spectral shift, Afo, is equal to the change in round trip frequency conversion factor, S, . Specifically, it is seen that The latter inequality is due to the fact that the time signals from which ct'v) and @'"v) are generated are not only shifted in frequency but also in time causing the phase of GF'y) to be shifted relatively to the phase of @'"m. Gt'U, and G!+' !U,. Using (10) and (11). an estimate of the particle velocity can be found. An example showing the peaks of the magnitude and real parts of e$/ +l1($ is given in Figure 3 . Figure 3 illustrates the advantage of cross-correlation of the real part of the fsm spectra over magnitude of fsrn spectra: The cross-correlation peak is much sharper, leading to a more precise determination of velocity. The "cost" of this approach is a more complex, 
. EXPERIMENTAL RESULTS
An experimental Doppler system has been developed, for the purpose of making both FMrfsm and PW-tsm Doppler measurements. The measurement system consists of (1) a DOS based computer; (2) an a r b i t r q function generator for generation of the emitted PW or FM signal in analog form; (3) a power amplifier, driving the emitting transducer; (4) a focused dual element annular array ultrasonic transducer, for simultaneous emission and scope (DSO), with which the received signal was digitized reception of ultrasound and ( 5 ) a digital storage oscillo-(at 8 bits resolution) and transferred to the computer. The flow phantom used a centrifugal pump that circulated a mixture of water and corn starch (2-5 % vol.) though a 20 mm in diameter tube.
The bandwidth of the FM system was slightly higher than that of the PW system, and the signal to noise ratio both systems. However, as the annular array transducer Doppler system and PW-tsm Doppler system are shown in Figure 5 . As the Reynolds number far exceeds the limit for laminar flow, the profiles tend towards a general rectangular shape, but with fluctuations, as has also been demonstrated with laser Doppler velocimetry and with bubble visualization"'.
. CONCLUSIONS
A brief description of the signal processing in the improved FM Doppler system has been given, and the technique for cross-correlating real spectral has been presented. The performance of the FM Doppler has been the FM and PW Doppler systems were compared using a evaluated numerically and experimentally. In the latter, simple flow model under semi-realistic conditions. Despite considerable cross-talk in the FM Doppler system, the flow profiles obtained with the two systems agreed quite well. In order to validate the applicability in the area of medical diagnostic ultrasound, experiments with a soft tissue-like coupling medium and in-vivo experiments need to be carried out using a transducer with lower cross-talk.
